The relationship between effective arterial elastance (E A ) and left ventricular end-systolic elastance (E LV ) is a determinant of cardiac performance, known as arterial-ventricular coupling (AVC). The purpose of this study was to examine the acute effects of highintensity interval (HI) and low-intensity steady state (SS) exercise on AVC. Twenty-three (13 men, 10 women) young (26 years), endurance-trained individuals completed a VO 2 peak test followed by an acute SS and HI exercise bout on separate visits. Before (Pre) and 30-and 60-min after each bout, measures of aortic end-systolic pressure (ESP), left ventricular end-systolic volume and stroke volume were obtained. Across both conditions (HI and SS) and both sexes, at 30 and 60 min post exercise, ESP and E LV were reduced from Pre 30 and 60-min exercise (ESP: 86±7, 77±8 and 73±8 mm Hg; E LV : 4.93±1.53, 4.19±1.38 and 4.10 ± 1.53 mm Hg ml À 1 m À 2 ). E A was only reduced at 60 min post exercise (1.90 ± 0.36, 1.78 ± 0.50 and 1.57 ± 0.36). Both E A and E LV were reduced following acute SS and HI exercise. This is likely because of similar reductions in total peripheral resistance following both exercise bouts. These results suggest that endurance-trained individuals are able to match peripheral vascular changes with changes in left ventricular function following dynamic exercise of different intensities.
INTRODUCTION
The interaction between the left ventricle and arterial system is termed arterial-ventricular coupling (AVC).
1,2 Sunagawa et al. developed an analytical model to examine AVC using the ratio of arterial elastance (E A ) to left ventricular end-systolic elastance (E LV ). Effective E A reflects the net arterial load imposed on the left ventricle, whereas the E LV is a measure of the left ventricular performance. 2 The ratio E A /E LV provides insight into the cardiovascular system during aging and disease. Moreover, the ratio of E A /E LV is a good predictor of cardiovascular mortality in myocardial infarction patients. 3 AVC optimizes cardiovascular energetic efficiency and is tightly controlled at rest. 4 In resting humans, AVC reportedly ranges between 0.5 and 0.6, with men having slightly higher values than women. 5, 6 The aging process causes significant increases in E A and E LV . 7 During aerobic exercise, cardiac efficiency is favored over energetic efficiency and, as a result, AVC is reduced. 5, 6 This is due to a greater relative increase in ventricular contractility compared with arterial load. 6 Exercise intensity influences changes in AVC during exercise. During exercise below the anaerobic threshold E A is reduced, whereas E LV remains relatively constant, thereby reducing the E A /E LV ratio; during exercise above the anaerobic threshold E A is reduced, whereas E LV increases, causing an even greater reduction in the E A /E LV ratio. 8 In the immediate postexercise period (3-5 min post exercise) following an exhaustive cycle exercise bout, AVC decreases because of a slight reduction in E A and an elevation in E LV . 5 However, alterations in the left ventricular load may affect this coupling differently in men and women. For instance, during aerobic exercise, E A and E LV increase to a greater extent in young men compared with young women. 6 Further into the post-exercise period, following submaximal endurance exercise (for example, 30 to 60 min post exercise), blood pressure (BP), total peripheral resistance and arterial stiffness are reduced, 9 ,10 all of which may affect AVC; however, this possibility has not been investigated to date. Conversely, high-intensity interval (HI) exercise can reduce arterial compliance in the immediate (5 min) post-exercise period, 11 potentially altering AVC and its components. The HI exercise has become a popular alternative to low-intensity steady state (SS) aerobic exercise to improve fitness. 12 Currently, it is unclear how these different forms of dynamic exercise may impact AVC. Therefore, the primary purpose of this study was to examine the acute effects of different types of dynamic exercise (SS and HI exercise) on AVC and its components in the post-exercise period in endurance-trained men and women. A secondary purpose of this study was to examine the relationship between aerobic capacity and AVC, and its components in endurance-trained of men and women.
PATIENTS AND METHODS

Participants
Secondary analyses were performed on 23 individuals (13 men and 10 women), who were part of a larger study. 9 All participants were endurance-trained, defined as participating in strenuous endurance exercise X4 days per week for 1 h per day for at least the last year. All participants gave written informed consent, and the study was approved the by the University of Illinois at UrbanaChampaign Institutional Review Board.
Study design
Participants completed three visits to the laboratory. On the first visit, participants completed screening questionnaires followed by a VO 2 peak test on a cycle ergometer. In a randomized order, participants then completed a low-intensity SS exercise bout on one visit and an HI exercise bout during a separate visit to the laboratory. Immediately before (Pre-) and after 30 (Post-30) and 60 (Post-60) min following each exercise bout, measurements of stroke volume, end-systolic left ventricular volume and endsystolic pressure (ESP) were obtained. VO 2 peak test Participants completed a graded exercise protocol on the cycle ergometer (Lode Excaliber Sport, Groningen, The Netherlands) starting with a workload of 50 W as previously described. Workload was increased by 20 W min À 1 for women and 30 W min À 1 for men. During the graded exercise protocol, expired air was analyzed by a Quark b2 metabolic system (Cosmed, Rome, Italy) and VO 2 was averaged over 10-s intervals during the test. The VO 2 peak was the highest VO 2 value achieved during the test. Peak heart rate was obtained from this test and used to calculate heart-rate reserve.
Acute exercise bouts During the SS exercise bout, participants cycled at a workload that elicited a heart rate of 60% of their heart-rate reserve for 60 min. During the HI exercise bout, participants completed four 30-s wingates with the resistance set at 0.7 Â body weight in nanometers. Each wingate was separated by 4.5 min active recovery (light cycling). 9 Echocardiographic images With the participant in the supine position, ultrasound (Aloka SSD 5500 SV System, Tokyo, Japan) images of the left ventricle were obtained using the four chamber apical view. Measurements of stroke volume and end-systolic volume were obtained and expressed relative to body surface area as previously described. 9 All echocardiographic images were obtained by the same person; the day-to-day coefficient of variation was 4.7% for ESV and 14.3% for SV.
End-systolic pressure Radial artery pressure waveforms were obtained using applanation tonometry (Sphygmocor; Atcor, West Ryde, NSW, Australia) and calibrated against brachial artery BP obtained with an automated oscillometric cuff (HEM-907 XL; Omron, Shimane, Japan). 9 An aortic pressure waveform was recreated from a generalized validated transfer function. 13 ESP was defined as the aortic pressure at the end of systole, marked by the closure of the aortic valve (incisura). This method of estimating central BP has been validated both at rest 14 and following exercise. 15 Arterial-ventricular coupling Effective E A was calculated using the following equation: E A ¼ ESP/ stroke volume. 2 E LV was calculated using the following equation: E LV ¼ ESP/end-systolic volume À V0, where V0 (the volume intercept of the left ventricular volume-pressure relationship) was assumed to be negligible. 2 AVC was calculated as the ratio E A /E LV .
Statistical analysis Descriptive statistics were calculated for all variables. Differences in participant characteristics and AVC and its components at rest (Pre) between men and women were analyzed with independentsample Student's t-tests. Differences in AVC and its components at rest (Pre) between conditions (HI and SS) were examined with paired-samples Student's t-tests. A 2 Â 2 Â 3 (condition Â sex Â time) repeated measures multivariate analysis of variance (ANOVA) was used to examine the main effects for time, condition and sex, as well as time Â condition, time Â sex, condition Â sex and time Â condition Â sex interaction terms for ESP, E A , E LV and the E A /E LV ratio. If the multivariate ANOVA revealed a significant interaction or main effect, univariate ANOVA tests were examined for each variable followed, by pairwise comparisons with a Bonferonni-corrected a. Except when adjusted, the a-level was 0.05. Partial Z 2 was used as a measure of effect size for all main effects and interaction effects. To determine the association between maximum aerobic capacity and AVC and its components, correlations were examined between the VO 2 peak and the average (from both conditions) resting (Pre) values for E A , E LV and the E A /E LV ratio, within the entire group and separately within each sex. All analyses were conducted with PASW version 18 (Chicago, IL, USA).
RESULTS
During the HI exercise, the peak power averaged 840±178, 851 ± 165, 840 ± 155 and 834 ± 162 W for the four wingates, respectively. Participant characteristics are presented in Table 1 . Men were taller, heavier and had a higher VO 2 peak than women; AVC and its components were not different between sexes at rest. Table 2 presents AVC and its components before (Pre-) and Post-30 and Post-60 of exercise after each exercise bout in men and women; AVC and its components were not different between conditions at Pre-exercise. There were no interactions (partial Z 2 values: condition Â sex ¼ 0.086; time Â sex ¼ 0.085; condition Â time ¼ 0.130; condition Â time Â sex ¼ 0.109) or main effect for sex (partial Z 2 ¼ 0.107), or condition (partial Z 2 ¼ 0.249) for AVC and its components (P40.05). There were main effects for time for E LV and E A (all Po0.001). There was a significant condition Â time interaction for heart rate and ESP. Heart rate was greater at Post-30 and Post-60 min exercise compared with Pre-exercise during both conditions. Heart rate was also greater for HI compared with SS at Post-30 and Post-60. ESP was reduced from Pre-exercise at Post-30, further reduced at Post-60 during the SS condition. During HI, ESP was reduced from Pre-exercise at Post-30 and Post-60, with no differences between Post-30 and Post-60. ESP was lower at Post-30 and Post-60 during the HI condition compared with SS. Correlation analysis revealed that for the entire group, VO 2 peak was not significantly associated with resting E LV (r ¼ 0.307, P ¼ 0.154), but was significantly related to E A (r ¼ À 0.494, P ¼ 0.017), and the E A /E LV ratio (r ¼ À 0.627, P ¼ 0.001). These correlations, however, differed between sexes. Specifically, the relationships between VO 2 peak and E LV (r ¼ 0.019, P ¼ 0.475), E A (r ¼ À 0.402, P ¼ 0.087) and E A /E LV (r ¼ À 0.338, P ¼ 0.130) were not statistically significant in men. In women, the VO 2 peak was significantly related to E LV (r ¼ 0.582, P ¼ 0.039) and the E A /E LV ratio (r ¼ À 0.739, P ¼ 0.007), but not E A (r ¼ À 0.401, P ¼ 0.125). Figure 1 depicts the negative relationship between aerobic capacity and AVC in men and women. 
DISCUSSION
The following are the findings of this study in these healthy endurance-trained young subjects: (1) E LV is reduced in the post-exercise period; (2) E A is not reduced until later (60 min) in the post-exercise period; (3) the E A /E LV ratio remains relatively stable in the post-exercise period; (4) neither exercise intensity (low-intensity SS or HI) nor sex affects post-exercise AVC; and (5) across sexes, aerobic capacity is inversely related to the E A /E LV ratio. Previous studies have shown that AVC is reduced during exercise, indicating a greater relative increase in ventricular performance (E LV ) compared with arterial load (E A ). 13 We observed that both E LV and E A were reduced in the postexercise period, although significant reductions in E A were not apparent until later (that is, 60 min) into the postexercise period. The reductions in E A and E LV mirror the reduction in ESP, likely because of a drop in total peripheral resistance in the post-exercise period. A drop in peripheral resistance following exercise is expected owing to a combination of sympatho inhibition, and the release of vasodilator substances causing smooth muscle relaxation and a drop in arterial BP (post-exercise hypotension). 16 Despite the alterations in E A and E LV in the post-exercise period, the E A /E LV ratio was not different from the pre-exercise values, suggesting that the relative drop in ventricular contractility was similar to the reduced arterial load. This suggests that there was a drop in ventricular contractility, which could reduce wasteful energy by matching the drop in E A and, thus, maintain coupling in the post-exercise period.
Interestingly, we did not observe any sex differences or any condition effects on AVC or its components. Although previous studies have indicated sex may affect AVC during exercise, 6 this effect has been observed in a population with a much broader age range. Thus, it is likely we did not observe such a sex-specific effect in a small, relatively young, endurancetrained sample. The intensity of exercise affects AVC during the exercise such that, compared with exercise below the anaerobic threshold, exercise above the anaerobic threshold elicits an increase in E LV and a greater reduction in the E A /E LV ; this difference reflects a greater increase in the left ventricular contractility during high-intensity exercise. 17 Contrary to our hypothesis, we did not find a significant condition Â time interaction for AVC and its components. Our measurements of AVC that occurred well into the recovery period (30-and 60-min post exercise) and it's possible changes were apparent earlier (5-to 15-min) in the post-exercise period. Although it is likely that some recovery did take place at the time of the measurements, heart rate was still elevated at the time of the measurements and HI caused greater increases in heart rate compared with SS in the post-exercise period. For the multivariate analysis, the condition Â time interaction effect size is considered large (partial Z 2 ¼ 0.130); however, for the univariate tests for E A , E LV and the E A /E LV ratio, the condition Â time effect sizes were very small (partial Z 2 o0.013). Compared with acute SS cycle exercise, acute HI cycle exercise causes greater reductions in total peripheral resistance in the post-exercise period despite an elevated heart rate. 9 Thus, although SS and HI appear to cause similar changes in E A in the post-exercise period, HI elicits greater perturbations in heart rate (increased) and afterload (decreased). The reduction in E LV may also reflect improved ventricular compliance rather than a decrease in ventricular performance during recovery. 2 Thus, E LV may be reduced (by improved ventricular compliance) to match the reduction in E A to maintain AVC. Interestingly, despite apparent differences in AVC between anaerobic and aerobic exercise during exercises, 17 our results suggest that young, endurance-trained individuals are able to maintain AVC in the post-exercise period, regardless of whether the exercise was of moderate (aerobic) or of high intensity (anaerobic).
AVC of the present young, endurance-trained men and women was lower than that previously reported in normotensive men and women. 2, 18 This appears to be because of a lower E A compared with previous data collected on older (440 years old) untrained men and women. 5 E A is related to heart rate and total peripheral resistance, and inversely related to arterial compliance. 19 Compared with untrained individuals, endurancetrained individuals typically have a lower resting heart rate and greater arterial compliance, 20 which would reduce arterial load at rest. Another potential difference between this study and previously reported resting E A values is because of the fact that ESP in this study was obtained from radial artery applanation tonometry instead of estimating ESP from brachial artery systolic BP. ESP derived from radial artery applanation tonometry is more accurate than ESP estimated from brachial artery BP in the post-exercise period. 21 Our endurance-trained participants had a similar, although slightly higher, E LV compared with previously reported data. 5 A greater E LV may indicate greater load-independent left ventricular contractility. 22 However, E LV is also influenced by the structure of the ventricle and the properties of the muscle cells. 22 Left ventricular mass indexed to body surface area in this sample averaged 91.7 ± 3.9 g m À 2 , which is higher than what has been reported in untrained individuals (B79 g m À 2 ). 23 Our data suggest that this slight elevation in E LV may be related to training-induced left ventricular hypertrophy, although we cannot rule out the influence of load-independent left ventricle contractility or differences in ventricular compliance.
We also observed a significant inverse relationship between aerobic capacity and the E A /E LV ratio. A similar inverse relationship between E A and aerobic capacity exists, but no relationship between aerobic capacity and E LV was observed, suggesting that aerobic capacity is more closely related to E A than E LV . However, these relationships may be influenced by sex differences in aerobic capacity. Thus, we examined these relationships within each sex and observed stronger relationships between AVC and its components, and aerobic capacity in women compared with men. The reasons for the stronger relationships observed in women are unclear, but may be because of a broader range of VO 2 peak values. In addition, stronger correlations between AVC and its components and endurance-trained men may be observed in a larger sample. Further study of aerobic capacity and AVC is needed to clarify these relationships.
These findings may be limited to endurance-trained individuals; future studies should examine post-exercise AVC in other populations. In addition, we only examined a small window (60 min) of the post-exercise period. It is unclear how long into recovery alterations in E A , E LV or AVC may be apparent. Although we used non-invasive procedures to determine AVC and its components, we were able to obtain ESP from radial artery pulse waveforms rather than by estimating ESP from brachial BP.
In conclusion, we observed that AVC remained stable during the post-exercise period via reductions in both E A and E LV . These alterations are consistent with a drop in total peripheral resistance and an increase in arterial compliance following acute SS and HI exercise. These results suggest that endurance-trained individuals are able to match peripheral vascular changes with changes in the left ventricular function following dynamic exercise. Of note, these changes appear similar following lowintensity SS exercise and HI exercise. In addition, we observed an inverse relationship between AVC and aerobic capacity, suggesting that aerobic capacity may influence E A more than E LV in endurance-trained individuals.
